Introduction {#s0005}
============

Flexibility allows individuals to nimbly react to novel situations, playing an important role in adaptive responses to environmental changes and finding optimum solutions to problems. Humans are particularly adept at flexible thinking, potentially due to complexity in their environment and social relationship structure ([@b0085]). Such flexibility is important because it is linked to our innovative ability and tool use ([@b0145], [@b0195]). Previous research has shown that, as compared with younger children, older children can more flexibly react to environmental or task changes (but see [@b0100]). For example, children over 4 years of age can quickly alter sorting techniques on the same objects when given different verbal cues (e.g., "Find the ones that look like a \_\_\_\_" vs. "Find the one that is the same kind as \_\_\_\_"; [@b0070]) or game rules (e.g., "Sort the red ones" vs. "Sort the small ones"; [@b0080], [@b0300]), whereas children under age 4 often perseverate on the first cue or rule with which they are provided, making switch errors on 50--100% of trials ([@b0160]). Indeed, children's flexibility appears to develop slowly over the first few years of life and may be mediated by a child's understanding of the task ([@b0150], [@b0240]). These findings, and others, suggest that cognitive flexibility might be linked to children's biological age ([@b0305]), although some evidence finds that children as a whole may also be more flexible than adults in certain situations ([@b0175]).

In addition to biological maturation across one's lifespan, we can explore cognitive flexibility from a comparative perspective, for example, by studying nonhuman primates ([@b0230]). Although there appears to be much variability across and within primate species with regard to their flexible or conservative responses to novel tasks (reviewed in [@b0045]), nonhuman primates do exhibit cognitive flexibility in relation to both physical and social understanding (e.g., [@b0005], [@b0210]). In certain cases, and as compared with adult humans, nonhuman primates (e.g., macaques, capuchin monkeys) have been found to be significantly better at quickly and flexibly altering their behavior in response to changing task demands (e.g., [@b0010], [@b0260], [@b0265]). Thus, an exploration both across human development and across species might prove to be particularly insightful for understanding the ontogeny and evolutionary development of cognitive flexibility.

Research with humans and nonhuman primates has revealed that other important factors, including task complexity, opacity, and cognitive demands, influence cognitive flexibility. [@b0295] proposed that individuals' ability to evaluate their own success in a task (i.e., error detection and correction) is a key component of problem solving as related to executive function. As such, tasks that make error detection easier are more likely to elicit adequate task switching from children. For example, when 3-year-olds are asked to repeat game rules before task switching, they are much more likely to succeed than when they are asked to simply complete the task without this verbal reminder ([@b0155]). Whereas understanding the rules of a task can enhance children's success, causally clear tasks are also more efficiently solved by children and nonhuman primates ([@b0140]). For example, 2-year-olds are more successful at an inhibition task if the actions required of them are obviously causal (e.g., pull a lever to get an object) as opposed to unclear or arbitrary (e.g., answer a phone to get an object) ([@b0185]). In this way, causal understanding may allow for solutions to be found and errors to be identified as well as flexibility in response to changes in task demands ([@b0115], [@b0140]). Research has suggested that differences in response flexibility also likely depend on the cognitive demands inherent in the task. For example, less demanding looking-time paradigms often show much earlier evidence for cognitive flexibility than tasks that require children to act on objects (e.g., [@b0225]). Given this, ([@b0065]) proposed that perseveration is likely mediated by response prepotency (how familiar an action is) and working memory load (how demanding the task is).

Here, we sought to explore how children's cognitive flexibility (i.e., set shifting; [@b0135]) changes across early development and how their strategies compare with those of nonhuman primates (chimpanzees and gorillas tested previously using a comparable task and testing protocol). Specifically, research with nonhuman primates has shown that they are less likely to adopt a novel solution after learning one successful one ([@b0130]) but that this is mediated by task transparency, such that individuals tested with a causally clear task appear to be more flexible ([@b0140]). Therefore, unlike many previous studies on early cognitive flexibility, we used a paradigm that was both physically and causally clear and asked children to switch strategies without a large memory demand (e.g., remembering an abstract rule; [@b0300]). Specifically, we used a novel puzzle that was a clear vertical tube with five paper straws threaded through it at equal intervals. A small ball was placed in the tube such that it rested on a straw, and to retrieve the ball children needed to pull out all the straws below the ball so that it could fall down the tube and out the bottom. Each time children retrieved the ball, they could exchange it with the researcher for a sticker. Thus, this clear task relied on participants' basic understanding of gravity and support, did not necessitate the use of arbitrary actions, and did not require participants to retain information across trials.

In the first configuration of the task, four straws were below the ball and one was above it. This was to test children's spontaneous understanding of the causal mechanics of the task and to verify that it was causally clear to children. Research shows that even infants appear to have a basic understanding of gravity ([@b0015], [@b0190]), looking longer at and interacting more with objects if they appear to magically float in space when their support is removed (e.g., [@b0245]). Infants also appear to understand that a solid barrier will stop an object from falling or rolling in a downward trajectory even when that object is behind an opaque occluder ([@b0235]). Although 2-year-olds struggle with more cognitively demanding physical adaptation of these looking-time studies, by 3 years of age children are able to track a falling object behind an occluder*,* correctly select a door to open, *and* reach for the fallen object ([@b0030]). Thus, with this first configuration of our task, we could test whether children would remove only straws below the ball and ignore the straw above it or whether they would "blindly" pull out all straws, in turn revealing whether they understood the task rules (without explanation or guidance). Furthermore, by testing 2-, 3-, and 4-year-olds, we could observe whether their understanding and success differed by age.

To examine whether the children could adopt a new solution strategy after repeated experience with the task in the first configuration, we subsequently presented a new configuration where only two straws were below the ball and three straws were above it. In this new configuration, the most efficient solution was to remove two straws instead of four, although the previously efficient strategy remained viable (albeit a less efficient solution). In this way, our paradigm allowed us to test individuals' flexibility in the face of possible conservatism and the interplay between causal understanding and cognitive flexibility across children of different ages and across (primate) species.

Our previous research with nonhuman primates using the same task revealed that chimpanzees and gorillas showed flexible problem solving when task demands changed, likely due to the apes' causal understanding of the task ([@b0140]). Therefore, we predicted that if children understood the task mechanics, they would respond flexibly when task demands changed. Specifically, we predicted that if children solved the task using the most efficient strategy in the first task configuration, they would also be able to adopt a new efficient strategy when the configuration was changed. However, we also predicted that the younger children may be less likely to master the task (i.e., understand the solution and so be less likely to use efficient responses) and, accordingly, may be less flexible than the older children (if task understanding relates to flexibility in response patterns). Thus, with our study, we wanted to see how young children responded to changing task demands, how their efficiency and flexibility differed with age, and how their responses compared with those of nonhuman primates.

Method {#s0010}
======

Participants {#s0015}
------------

We tested 61 children representing three age groups: 20 2-year-olds (*M* = 30.0 months, range = 24.0--34.7; 10 girls), 22 3-year-olds (*M* = 40.6 months, range = 36.0--47.8; 12 girls), and 19 4-year-olds (*M* = 53.4 months, range = 49.0--59.6; 6 girls). From parental reporting, we determined that 81% of participants were Caucasian, 5% were African American, 2% were Hispanic, 2% were Asian American, and 10% were multiracial (2% of parents opted out of answering questions concerning their child's race/ethnicity). In addition to the 61 children described above, we tested 9 children who were not included in the final sample due to refusing to participate in the given tasks (*n* = 7), failure to obtain video-recording consent (*n* = 1), or experimenter error (*n* = 1).

This study received approval from the Franklin & Marshall institutional review board.

Procedure {#s0020}
---------

After entering the testing room, children sat in a chair placed directly in front of Experimenter 1 and the testing apparatus. The apparatus (modeled from the design previously used to test problem solving flexibility in apes; [@b0140]) was a clear PVC tube (approximately 2.5 cm in diameter and 63.5 cm long) affixed to a stand with equally spaced holes for up to five straws to be slotted through the tube ([Fig. 1](#f0005){ref-type="fig"} ). Experimenter 2 sat on a small chair perpendicular to children. Parents sat in a chair opposite from the apparatus, facing children and the experimenters, and were asked to remain quiet and to not intervene in the task or guide children's responses. Sessions were video-recorded for later coding, with the camera located diagonal to the testing area (focused on Experimenter 1, the testing apparatus, and children's hands. Testing comprised a familiarization phase followed by two experimental phases.Fig. 1Schematic of the task---a clear plastic tube with five straws threaded through it---showing the configuration both in Phase 1 (four straws below the ball and one straw above it) and in Phase 2 (two straws below the ball and three straws above it) and a photograph of one participant completing a trial in Phase 1. In either task configuration, participants were free to pull out as many straws us they chose and in any order. Thus, although the most efficient strategy would be to only remove straws below the ball, in either configuration children could also adopt inefficient strategies and remove straws both above and below the ball. Importantly, the efficient solution for Phase 1 (removing Straws 1--4) remained viable in Phase 2, although a different solution was the most efficient one (removing Straws 1 and 2).

In the familiarization phase, Experimenter 1 introduced children to the test apparatus, saying, "This is my toy. Look what this toy can do. When I put a ball in, it comes out the end." The experimenter then proceeded through 3 familiarization trials to acquaint children with the general mechanics of the tube. During these trials, the experimenter dropped a ball into the tube to show how a ball could fall down the apparatus when no obstructions (straws) were present. With each trial, Experimenter 1 verbally prompted children to retrieve the ball that came out of the tube ("Can you get the ball?") and told children that they would be rewarded with a sticker by Experimenter 2 when they obtained the ball ("Every time you give the ball to our friend \[Experimenter 2\], you get a sticker!"). The sticker provided an incentive for children to quickly retrieve the ball by removing the straw obstructions (in the previous study with chimpanzees and gorillas using this task, a food reward was used in place of the ball here, which was inherently rewarding; see [@b0140]).

In Test Phase 1, participants completed 10 trials whereby they were asked to retrieve the ball from the test apparatus. For each trial, Experimenter 1 baited the test apparatus out of view of children (behind a 122 by 91-cm tri-fold display board). Experimenter 1 inserted a straw through each of the five holes in the shaft of the tube, with the ball placed into the apparatus such that there were four straws below the ball and one straw above it (Configuration 1 in [Fig. 1](#f0005){ref-type="fig"}). In this configuration, children needed to remove the four straws below the ball to obtain it; the fifth straw could also be removed, but doing so was causally irrelevant to obtaining the ball. The experimenter ensured that the straws were aligned equally to avoid any visual cuing that might encourage participants to select specific straws (e.g., one straw sticking out from the apparatus farther than another straw). Then, the experimenter removed the tri-fold board so that children could view the tube.

A test trial began as soon as the experimenter verbally prompted children to interact with the apparatus ("Can you get the ball?"). Participants were then given a chance to remove any of the straws (below or above the ball) in whatever manner they wished. If children were hesitant to initiate an interaction with the straws or the apparatus, the experimenter further prompted them with encouraging but noninformative cues (e.g., "It's okay, you can come up and touch it"; "The ball is stuck. How do you think you could get it out?"; "If you get the ball, you'll get a sticker!"). Throughout the trial, the experimenter retained a neutral facial expression and a neutral tone of voice to prevent children from receiving any external cues that would interfere with their interaction with the apparatus. Similar to the familiarization trials, participants received a sticker whenever they acquired the ball and handed it to Experimenter 2. After completing 10 trials with the apparatus in Configuration 1, Phase 2 commenced.

In Test Phase 2, participants completed test trials with the new task configuration. These trials were run as in Phase 1, changing only the apparatus configuration; in Phase 2, the experimenter baited the apparatus such that there were only two straws below the ball and three straws above it (Configuration 2 in [Fig. 1](#f0005){ref-type="fig"}). Thus, the total number of straws that *could be* removed (five) was the same across test phases, but the number of straws that *needed to be* removed to obtain the ball differed (four in Phase 1 and two in Phase 2). Importantly, the experimenter never highlighted the change in task configuration, or the new location of the ball at the start of the trial, either verbally or via pointing. As with Phase 1, the experimenter made statements only to encourage children's engagement (e.g., "Can you get the ball?").

In Phase 2, children completed 4 trials. There were two reasons why we ran fewer trials in this second phase. First, our primary interest was assessing children's ability to switch response strategies when the task configuration changed. For this, we were predominantly interested in assessing their responses in the first trial post-configuration change (i.e., to see whether they adopted a new solution and whether they adopted the most efficient solution possible with their first response in Phase 2). Second, although we also wanted to evaluate children's repeated responses in Phase 2 with multiple trials (to see whether their responses increased in efficiency over time if they did not make a strategy switch with their first trial of Phase 2), we did not want to give children too many opportunities to interact with the task because we wanted to test their spontaneous responses. This is in contrast to Phase 1, where we wanted to assess their spontaneous understanding of the task (Trial 1) and also wanted to give them repeated experience with the task across multiple trials both to assess their exploration of the task and to generate a modal response ("remove four straws") that would be more likely to be conserved and potentially harder to deviate from in Phase 2 (in the sense of [@b0140]).

Coding {#s0025}
------

A trained researcher coded all the test trials from video. A second independent research assistant coded 25% of participants' trials, with the two coders agreeing on approximately 99.9% of total behavioral scores. When there was a coding disagreement, we used the primary coder's scoring for a given trial. For each trial, the coder recorded four elements and associated information: the total number of straws participants removed, the order in which participants removed the straws, the length of each trial (i.e., latency to remove straws), and any comments participants made during the first trial of Test Phase 2 when they were presented with a new configuration of the task (i.e., the "switch trial").

### Straw removal: Order and number {#s0030}

For each trial, we coded for the total number of straws removed by children (out of a possible five for each trial) and the order in which children removed each straw. If participants retrieved the reward by pulling only the straws below the ball (four straws for Test Phase 1 or two straws for Test Phase 2), we coded the trial as "efficient," but if participants pulled one or more straws above the ball (thereby pulling straws that were not causally necessary to receive the reward), we coded the trial was as "inefficient" (as per [@b0140]).

### Trial latency {#s0035}

We coded the time at which participants removed each straw within a given trial. Thus, we could calculate the latency for participants to complete each of their trials. The start time for each trial began as soon as the experimenter uttered the introductory prompt ("Can you get the ball?") and ended once children indicated they were done removing straws by explicitly stating such or moving to Experimenter 2 to retrieve a sticker for ball retrieval (typically as soon as the ball fell from the tube).

### Verbal responses {#s0040}

During the first trial of Phase 2 (the "switch trial" when the configuration of the apparatus was altered), we transcribed any verbal comments participants made that might indicate that they noticed a change and/or were seeking information related to the change (i.e., "why" questions; [@b0165]). For instance, some participants would recognize the change of the tube arrangement and say, "Why is the ball all the way down there?" or "How did you do that?" We provide a descriptive summary of these in the Results section.

Analysis {#s0045}
--------

To explore participants' spontaneous understanding of the task and their flexibility in response to changing task demands, we analyzed four key aspects of the coded data using R Version 3.5.2 ([@b0215]): (a) participants' spontaneous understanding of the task, (b) any apparent learning across trials, (c) participants' flexibility and efficiency across and within phases, and (d) the verbal responses participants made, if any. For clarity, the specific analytical approaches that we used for each analysis are reported within that section of the Results. For all pairwise comparisons, a Bonferroni correction was applied (i.e., *α* ≤ .017). With *α* ≤ .017 and an effect size of .80, our power analysis revealed a value of .63. (To achieve a power value of .80, we would need to have included 29 children per condition, but with the current COVID-19 pandemic, additional testing was not feasible.) We plotted all data using the *ggplot2* package ([@b0275]) and *beeswarm* package ([@b0075]; see also [@b0280]) in R Version 3.5.2 ([@b0215]).

Results {#s0050}
=======

Spontaneous understanding of the task {#s0055}
-------------------------------------

All 61 children tested were able to retrieve the ball from the apparatus in their first trial of Phase 1. Furthermore, 15 of the 20 2-year-olds (75.00%), 18 of the 22 3-year-olds (81.82%), and 18 of the 19 4-year-olds (94.74%) used the most efficient method to do so in Trial 1 of Phase 1 (i.e., they removed only the lower four of the five straws from the tube) ([Fig. 1](#f0005){ref-type="fig"}). We compared children's spontaneous ability to solve the task across the three age groups. To do so, we used first trial efficiency (efficient or inefficient) as our outcome variable and participant ID as a random factor. Given the binary response variable, we analyzed our data using a binomial generalized linear mixed model (GLMM) in R Version 3.5.2 ([@b0215]). We fit this model using the Laplace approximation method via the "glmer" function in the *lme4* package ([@b0025]) to test the relative effect of our predictor variable age group (family = "binomial"). This revealed that there was no significant difference across the three age groups of children in their likelihood to use the most efficient method in their first trial of Phase 1 {*z* = 0.34*, p* = .733, 95% confidence interval (CI) \[−3.80, 5.41\]}. Not only were the three age groups equally likely to use an efficient response with their first trial, but of those children who responded efficiently in the first trial of Phase 1, there was strong consistency in the action sequence (i.e., straw removal order) that they used: 93.33% of the 2-year-olds who responded efficiently used the 4,3,2,1 action sequence, as did 100.00% of the 3-year-olds and 94.44% of the 4-year-olds who responded efficiently (i.e., they sequentially removed the straw directly below the ball) ([Fig. 1](#f0005){ref-type="fig"}).

Proficiency with the task in Phase 1 {#s0060}
------------------------------------

On average across all their trials in Phase 1, 2-year-olds used an efficient action sequence in 60.56% (*SD* = 27.75) of trials, whereas 3-year-olds were efficient in 71.90% (*SD* = 32.19) of trials and 4-year-olds were efficient in 86.32% (*SD* = 24.99) of trials ([Fig. 2](#f0010){ref-type="fig"} ). Using a GLMM, we explored the proportion of all the participants' trials in Phase 1 that were efficient (family = "poisson") and used independent *t* tests, using the "t.test" function to compare children's efficiency across age groups. This revealed that there was a significant effect of age on the percentage of trials in which children made efficient responses in Phase 1 (*z* = 2.80, *p* = .005, 95% CI \[0.53, 0.30\]). Specifically, 4-year-olds made significantly more efficient responses than 2-year-olds, *t*(34.13) = −2.96, *p* = .006, 95% CI \[−4.34, −0.81\], but there was no significant difference in the percentages of trials in which 2- and 3-year-olds made efficient responses, *t*(36.99) = −1.18, *p* = .245, 95% CI \[−3.08, 0.81\] or in the percentages of trials in which 3- and 4-year-olds made efficient responses, *t*(37.19) = −1.59, *p* = .120, 95% CI \[−3.28, 8.63\].Fig. 2Proportions of Phase 1 trials in which the three age groups of children used an efficient solution.

When first presented with the task in Phase 1, the average latency for 4-year-olds to complete their first trial was 23.05 s (*SD* = 10.43). The 4-year-olds were significantly quicker to complete their first trial than the 2-year-olds (average latency = 80.35 s, *SD* = 71.98), *t*(19.84) = 3.52, *p* = .002, 95% CI \[23.34, 91.26\] and the 3-year-olds (average latency = 61.95 s*, SD* = 70.03), *t*(22.08) = 2.57, *p* = .017, 95% CI \[7.55, 91.26\]. There was no significant difference, however, between the 2- and 3-year-olds in the time it took them to complete their first trial, *t*(39.38) = 0.84, *p* = .407, 95% CI \[−26.00, 62.79\]. To test whether children's trial completion times became quicker across trials, as a proxy for learning, we correlated participants' trial latency with trial number using the "rmcorr" function ([@b0020]). This takes into account repeated samples from participants to determine whether their trial latency decreased over time. This revealed that there was a significant negative correlation between the trial completion latency and trial number for all three age groups, such that children became quicker to complete trials across the 10 trials in Phase 1: 2-year-olds (*r* = −.385, *p* \< .001), 3-year-olds (*r* = −.297, *p* \< .001), and 4-year-olds (*r* = −.232, *p* = .002). The weaker negative relationship between trial number and latency for 4-year-olds is likely because they completed their first trial faster than the younger children and there is likely a limit to how quickly any children can complete a trial, creating a floor effect. Indeed, 4-year-olds' average trial completion latency delta from Trial 1 to Trial 10 was only 14.89 s (average Trial 10 latency = 8.16 s, *SD* = 23.05), whereas the delta for 3-year-olds was 47.90 s (average Trial 10 latency = 14.05 s, *SD* = 15.51) and for 2-year-olds was 64.35 s (average Trial 10 latency = 16.00 s, *SD* = 10.83).

Strategy-switching flexibility and efficiency in response to changed task configuration {#s0065}
---------------------------------------------------------------------------------------

To evaluate children's cognitive flexibility, we assessed their efficiency in the first trial of Phase 2 when they were presented with the new task configuration ([Fig. 1](#f0005){ref-type="fig"}). Only 7 (11.48%) of the children used the same action sequence (straw removal order) in the first trial of Phase 2 as they had used in their last trial of Phase 1. Specifically, 4 2-year-olds and 2 3-year-olds used the 5,4,3,2,1 action sequence in both trials, whereas 1 4-year-old used the 4,3,2,1 action sequence in the last trial of Phase 1 and the first trial of Phase 2. Thus, the majority of children (88.52%) used a different action sequence across these trials. For all children and action sequences used, in the first trial of Phase 2, 7 of the 20 2-year-olds (35.00%), 14 of the 22 3-year-olds (63.64%), and 13 of the 19 4-year-olds (68.42%) used the (newly available) most efficient method (i.e., they removed only the lower two of five straws from the tube), highlighting their recognition of the changed task demands. As with Test Phase 1, we used the "glmer" function in the *lme4* package (family = "binomial") to compare the numbers of children across the three age groups whose first trial in Phase 2 was efficient, and we used independent *t* tests using the "t.test" function for post hoc pairwise comparisons across age groups. Our analyses revealed that there was a significant effect of age on children's efficiency in the first trial of Phase 2 (*z* = 2.74, *p* = .023, 95% CI \[0.11, 1.51\]). In spite of this, after correcting for multiple comparisons, post hoc pairwise comparisons revealed no significant difference across age groups when comparing the numbers of children whose responses in the first trial of Phase 2 responses were efficient: 4-year-olds versus 2-year-olds, *t*(35.92) = −2.41, *p* = .021, 95% CI \[−0.68, −0.06\]; 4-year-olds versus 3-year-olds, *t*(37.27) = 0.57, *p* = .573, 95% CI \[−0.22, 0.39\]; 2-year-olds versus 3-year-olds, *t*(39.67) = −1.89, *p* = .066, 95% CI \[−0.59, 0.02\].

Considering all 4 trials that children completed in Phase 2, on average children removed significantly fewer straws per trial in Phase 2 than they did in Phase 1, highlighting their understanding of the changed task demands. This was true for all three age groups of children tested: 2-year-olds, *t*(21.45) = 3.81, *p* = .001, 95% CI \[0.49, 1.68\]; 3-year-olds, *t*(25.10) = 6.20, *p* \< .001, 95% CI \[1.04, 2.08\]; 4-year-olds, *t*(20.65) = 7.55, *p* \< .001, 95% CI \[1.21, 2.13\]. Although children removed *fewer* straws in Phase 2 as compared with Phase 1, did they consistently remove the *fewest* possible number (i.e., two straws)? On average across all trials in Phase 2, 2-year-olds used an efficient action sequence in 42.50% (*SD* = 39.82) of their trials, whereas 3-year-olds used an efficient solution in 68.18% (*SD* = 41.68) of trials and 4-year-olds were efficient in 81.58% (*SD* = 32.10) of trials. Using a GLMM (family = "poisson"), we found that there was a significant effect of age on the proportion of Phase 2 trials in which children made efficient responses (*z* = 3.04, *p* = .002, 95% CI \[0.11, 0.51\]). Specifically, 4-year-olds made significantly more efficient responses than 2-year-olds, *t*(36.07) = −3.38, *p* = .002, 95% CI \[−2.50, −0.63\], but there was no significant difference in the proportions of trials in which 3- and 4-year-olds made efficient responses, *t*(38.54) = −1.16, *p* = .253, 95% CI \[−1.47, 0.40\], or in the proportions of trials in which 3- and 2-year-olds made efficient responses, *t*(39.89) = −2.04, *p* = .048, 95% CI \[−2.04, −0.01\].

To further explore children's causal understanding of the task and their ability to flexibly shift strategies across the phases in response to the change in task configuration, we compared children's latency to complete trials across the two phases as a proxy for flexibility (i.e., removing two straws should take less time than removing four straws). Across all children tested, they were significantly faster to complete trials in Phase 2 (average trial completion latency = 12.03 s, *SD* = 13.36) compared with Phase 1 (average trial completion latency = 17.44 s, *SD* = 11.45), *r*(60) = −.426, *p* \< .001. There was also a significant effect of age on children's latency to complete a trial. Within Phase 2, the average latency for 2-year-olds to complete a trial was 17.40 s (*SD* = 16.70), whereas the average trial completion latencies for 3- and 4-year-olds were 11.82 s (*SD* = 13.63) and 6.63 s (*SD* = 4.61), respectively. The 4-year-olds completed trials significantly faster than both the 2-year-olds, *t*(49.82) = 4.74, *p* \< .001, 95% CI \[7.10, 17.57\] and 3-year-olds, *t*(63.56) = 3.31, *p* = .002, 95% CI \[2.65, 10.68\]. In contrast, there was no significant difference between the 2-year-olds' and 3-year-olds' trial completion latency, *t*(73.10) = 1.88, *p* = .056, 95% CI \[−0.35, 11.69\].

In addition to comparing children's understanding of the task and flexibility across ages, we were also interested in how consistently proficient each child was. To examine this, we compared children's efficiency in Phase 1 with their efficiency in Phase 2. We found that, for all three age groups, children showed intra-individual consistency in their efficiency across phases; that is, the proportion of trials that children solved efficiently in Phase 1 was significantly correlated with the proportion of trials that children solved efficiently in Phase 2: Pearson's product--moment correlation, 2-year-olds, *t*(18) = 5.066, *p* \< .001, 95% CI \[.49, .90\]; 3-year-olds, *t*(20) = 3.635, *p* = .002, 95% CI \[.28, .83\]; 4-year-olds, *t*(17) = 6.093, *p* \< .001, 95% CI \[.60, .93\].

Conservatism and diversity of solution strategies {#s0070}
-------------------------------------------------

As reflected by children's responses in the first trial of Phase 1, the action sequence most commonly used by children across all trials in Phase 1 was repeatedly removing the straw directly below the reward (i.e., 4,3,2,1) ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"} ). This action sequence represented 53.78% of 2-year-olds' trials, 64.84% of 3-year-olds' trials, and 73.82% of 4-year-olds' trials in Phase 1. In addition, and as can be seen in [Fig. 3](#f0015){ref-type="fig"}, the modal inefficient action sequence for all three age groups in Phase 1 was 5,4,3,2,1 (i.e., pulling out all the straws from top to bottom).Fig. 3Proportions of trials in which each action sequence type (i.e., straw removal order)---efficient and inefficient---was used by the 2-, 3-, and 4-year-old children in Phase 1.

Not only was there consistency across children in their modal action sequence (4,3,2,1) in Phase 1, there was also intra-individual consistency such that some children perseverated in their response phenotype and used an action sequence in multiple successive trials. Indeed, 14 children (1 2-year-old, 5 3-year-olds, and 8 4-year-olds) used the same efficient action sequence for every response they made in Phase 1, and 2 2-year-olds used the same inefficient sequence in each of their 10 trials. Therefore, we explored children's conservatism in this regard. For each child, we calculated the longest run of consecutive trials in which the child used the same action sequence in Phase 1, where 2 consecutive trials was the shortest possible run length and 10 consecutive trials was the longest possible run length. In addition, we coded whether each run was efficient or inefficient, and we calculated each child's average efficient run length as a proportion of total possible responses. From this, we found that 4-year-olds made significantly longer efficient runs (average proportion of trials = .63, *SD* = .41) than 2-year-olds (average = .30, *SD* = .27), *t*(25.32) = −2.752, *p* = .011, 95% CI \[−.57, −.08\] ([Fig. 4](#f0020){ref-type="fig"} ). However, there was no significant difference in the average efficient run length made by 4- and 3-year-olds (average = .53, *SD* = .36), *t*(30.03) =  − 0.778, *p* = .443, 95% CI \[−.36, .16\] or in the average efficient run length made by 2- and 3-year-olds, *t*(38.31) = −2.315, *p* = .026, 95% CI \[−.43, −.03\].Fig. 4Average run lengths in Phase 1, as proportions of total trials, for each of the three age groups of children showing both runs comprising efficient and inefficient action sequences.

In spite of the aforementioned conservatism shown by some children to perseverate on an action sequence across multiple trials, there was variation in the action sequences used by the children across trials. Thus, even after discovering the 4,3,2,1 solution, children sampled other action sequences. Collectively, children used 27 different action sequences in Phase 1 (120 were possible) ([Fig. 3](#f0015){ref-type="fig"}). They used 12 (50.00%) of the 24 possible action sequences that were efficient, removing Straws 1, 2, 3, and 4 first (e.g., 1,3,2,4 and 4,3,2,1), but used only 15 (15.63%) of the 96 possible action sequences that were inefficient in which they pulled out the irrelevant straw before releasing the reward (e.g., 5,4,3,2,1 and 3,5,4,2,1). In addition, 2 (33.33%) of the 6 different action sequences that 2-year-olds used were efficient ones, whereas 6 (50.00%) of the 12 action sequences used by 3-year-olds and 10 (45.45%) of the 22 action sequences used by 4-year-olds were efficient.

To determine the diversity of action sequences children used, we calculated the diversity index of their responses ([@b0220]). If participants repeatedly used the same action sequence (i.e., developed a habit), their diversity index would be lower than those who did not. We used Wilcoxon tests ("wilcox.test") to compare participants' "H-index" diversity index across age groups and across test phases. Children's individual H-index scores in Phase 1 ranged from 0.00 to 2.03, where an index score of 0 means that only one action sequence was used and an index score of 2.30 would mean that a different action sequence was used for each of the 10 trials, although this never occurred, as indicated by children's maximum score of 2.03. In Phase 1, there was no significant difference in children's H-index scores across the three age groups: 2-year-olds versus 3-year-olds, *t*(39.12) = 0.443, *p* = .661, 95% CI \[−.22, .34\]; 3-year-olds versus 4-year-olds, *t*(27.40) =  − 0.258, *p* = .799, 95% CI \[−.46, .36\]; 2-year-olds versus 4-year-olds, *t*(28.93) = 0.047, *p* = .963, 95% CI \[−.41, .43\]. In spite of this, we found differences across the three age groups in the relationship between their Phase 1H-index score and the proportion of trials in which they used an efficient action sequence. Specifically, for 4-year-olds, there was a significant negative correlation between their H-index score and their proportion of trials that were efficient {Pearson's product--moment correlation: *t*(17) = −6.469, *p* \< .001, 95% CI \[−.94, −.63\]}, and this was also the case for 3-year-olds, *t*(20) = −3.373, *p* = .003, 95% CI \[−.82, −.24\], but not 2-year-olds, *t*(18) = −1.137, *p* = .271, 95% CI \[−.63, .21\].

In contrast to Phase 1, children needed to complete only 4 trials in Phase 2, so there was a higher probability that they would use the same response in all trials. Indeed, whereas only 16 children (26.23%) used the same response across all trials in Phase 1 (described above), 29 children (47.54%) used the same response across all trials in Phase 2, and 24 of these children used an efficient response for every trial (no 4-year-olds used the same inefficient action sequence repeatedly across trials). Reflecting this intra-individual consistency, there was also inter-individual consistency in the specific action sequence that children used in Phase 2. As in Phase 1, the action sequence most commonly used by children in Phase 2 was repeatedly removing the straw directly below the reward (i.e., 2,1) ([Fig. 5](#f0025){ref-type="fig"} ). This action sequence represented 41.25% of 2-year-olds' trials, 62.50% of 3-year-olds' trials, and 75.00% of 4-year-olds' trials, and as in Phase 1 the modal inefficient response for 2- and 3-year-olds was to remove all the straws from top to bottom (i.e., 5,4,3,2,1) ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5Proportions of trials in which each action sequence type (i.e., straw removal order)---efficient and inefficient---was used by the 2-, 3-, and 4-year-old children in Phase 2.

In spite of children's preference for the 2,1 action sequence in Phase 2, they still explored other solution phenotypes, including the alternative efficient action sequence (1,2) and an additional 25 different inefficient action sequences ([Fig. 5](#f0025){ref-type="fig"}). In addition to the 2 efficient strategies, 2-year-olds used 17 inefficient action sequences (22.22% of their action sequences were efficient), whereas 3-year-olds used 11 inefficient sequences and 4-year-olds used 10, meaning that 15.38% and 16.67% of the action sequences they used were efficient, respectively. Children's individual H-index scores in Phase 2 ranged from 0.00 to 1.39, where an index score of 0 means that only 1 action sequence was used and an index score of 1.39 would mean that a different action sequence was used for each of the 4 trials. As in Phase 1, in Phase 2 there was no significant difference in children's H-index scores across the three age groups: 2-year-olds versus 3-year-olds, *t*(37.42) = 1.768, *p* = .085, 95% CI \[−.04, .60\]; 3-year-olds versus 4-year-olds, *t*(39.00) = 0.089, *p* = .930, 95% CI \[−.26, .29\]; 2-year-olds versus 4-year-olds, *t*(34.79) = 1.894, *p* = .067, 95% CI \[−.02, .61\]. However, as with their responses in Phase 1, we found that the older children's diversity of responses (H-index score) was negatively correlated with efficiency. Specifically, for 4- and 3-year-olds, there was a significant negative correlation between their H-index score and their proportion of trials in Phase 2 that were efficient {4-year-olds: *t*(17) = −3.101, *p* = .006, 95% CI \[−.83, −.20\]; 3-year-olds: *t*(20) = −2.623, *p* = .016, 95% CI \[−.76, −.11\]}, but this was not the case for 2-year-olds, *t*(18) = −1.776, *p* = .093, 95% CI \[−.71, .07\].

Verbal responses {#s0075}
----------------

During the first trial of Phase 2, when children were first presented with the novel configuration of the task (i.e., the "switch trial"), none of the 2-year-olds made any verbal comment in relation to the task. However, 36.36% of the 3-year-olds did, as did 47.37% of the 4-year-olds. Most 3-year-olds' comments reflected the change in task configuration (e.g., "Why did it go down to this one?"; "It's not up there anymore"), whereas other comments highlighted the configuration change but also flagged the experimenter's agency in causing that change (e.g., "Why did you put two?"; "How did you do that?"). Like 3-year-olds, 4-year-olds' comments referred to the change of task configuration (e.g., "There's only two straws"; "Hey, it's now down there") and the experimenter's causation of the change (e.g., "How did you do that?"), but 4-year-olds also commented on how this change affected their own behavior and success (e.g., "I only had to get two"; "That was super fast---that's because there were only two straws"). Both 3- and 4-year-olds commented on the configuration change in 46.67% of their first trials in Phase 2 in which they made an efficient response (i.e., removing only the bottom two straws). In the trials in which children made an inefficient response (i.e., removing three or more straws), 14.29% of 3-year-olds commented on the change, whereas a quarter (25.00%) of 4-year-olds commented on the change. For both age groups, there was no significant difference in the numbers of efficient first trial responses in which children made a comment on the task configuration (Fisher's exact test: 3-year-olds, *p* = .193; 4-year-olds, *p* = .399).

Discussion {#s0080}
==========

In our study, we explored 2-, 3-, and 4-year-old children's ability to flexibly switch between response patterns as task demands changed. As [@b0140] found previously for nonhuman primates, all the children easily mastered the task and retrieved the ball from the tube. However, 4-year-olds were consistently more efficient than the younger children in terms of both the time it took them to complete trials and the number of straws they removed. This developmental trajectory in children's responses reflects previous research showing that children's problem solving and tool making skills increase with age ([@b0090]). Indeed, the cognitive complexity and control theory proposes that "executive function can be understood in terms of age-related increases in the maximum complexity of the rules children can formulate and use when solving problems" ([@b0305]). In spite of this, there was no significant difference across the three age groups of children in their likelihood of using the newly available efficient solution when it was presented in the first trial of Phase 2. We also identified intra-individual consistency in children's success such that their efficiency in Phase 1 correlated with their efficiency in Phase 2. Given the general success of children in all age groups, it is likely that this causally clear task facilitated children's success and flexibility (in the sense of [@b0065]), as has been found in chimpanzees and gorillas tested using the same task ([@b0140]).

Our aim was to provide a task that was accessible for children in all three age groups to allow us to make meaningful across-age comparisons (as well as comparisons with nonhuman primates' responses). Supporting our goal, all children spontaneously solved the task and there was no difference across the three age groups in their initial understanding of the task, as evidenced by their comparable likelihoods to use the most efficient method in their first trial of Phase 1 (83.61% of children used an efficient solution in the first trial of Phase 1). However, 4-year-olds showed sustained efficiency across trials in Phase 1; significantly more of their trials were solved via the efficient method than those of 2-year-olds. Although the 4-year-olds were not more likely to spontaneously use the most efficient solution in their first trial of Phase 1 than the younger children, they were more likely to stick with it and were significantly quicker to complete their first trial, suggesting enhanced physical dexterity, potentially in combination with a better understanding of the task demands. However, and in spite of 4-year-olds' greater use of efficient solutions, within Phase 1 all three age groups showed an improvement in task proficiency over time, as demonstrated by the negative correlation between trial latency and trial number.

Although the vast majority of children spontaneously used an efficient solution when first presented with the task, when we changed the task demands and introduced the possibility of a new efficient solution in Phase 2, only 57.73% of children spontaneously used the most efficient solution with their first attempt (removing only two straws). As with the first trial of Phase 1, however, there was no effect of age on children's likelihood to use an efficient solution for the first trial of Phase 2. Thus, nearly half of the children, irrespective of age, did not switch strategies in the first trial of Phase 2. In certain situations, humans react in remarkably fixed ways even when their environment does not necessitate such rigidity ([@b0035], [@b0095]). For example, adults often sit in the same seat during classes or meetings even without seat assignment and when there are no repercussions for moving ([@b0060]). The limited flexibility we observed cannot be explained by pure conservatism (in the sense of [@b0130]); of the 26 children who used an inefficient solution for the first trial of Phase 2, only 7 (26.92%) were inefficient because they used the *exact same* action sequence as they had used in the previous trial (i.e., the final trial of Phase 1). We also note that a large subset of 3- and 4-year-olds remarked on the change in task configuration. Although children often verbally seek out information to understand causal elements of their environment ([@b0165]), our experimenters were instructed not to answer children's questions and were not useful as informants (and, anecdotally, children almost never explicitly asked for help). Therefore, it is possible that children were describing the changes they observed to help themselves make sense of the changes and respond to the new task demands ([@b0285]).

We had predicted that greater exploration of the task (i.e., using a range of action sequences) would protect children against conservatism and allow them to more flexibly respond when task demands changed. Paradoxically, although 4-year-olds were the most efficient in their responses, they were also the most conservative; fully 73.82% of their trials in Phase 1 were solved using the same action sequence (4,3,2,1), and we saw similar patterns in their responses in Phase 2 (when they preferentially used the 2,1 action sequence). Indeed, the older children's preferred responses (whether efficient or inefficient) were to remove straws sequentially rather than in a random pattern (although they did this on occasion). Reflecting this, of the 14 children who used the same action sequence for every trial in Phase 1, 8 were 4-year-olds (only 1 2-year-old used the same action sequence in every trial in Phase 1). Indeed, for 3- and 4-year-olds, but not 2-year-olds, there was a significant negative correlation between their H-index score and proportion of trials that were efficient. Thus, for the older children, decreased diversity was associated with increased efficiency, reflecting the results of their likelihood to display longer runs of efficient action sequences (this was also seen in their Phase 2 responses). In this way, the younger children's greater exploration did not benefit them either within phases or in their flexibility across phases. Although conservatism is often seen as a sign of reduced cognitive flexibility, because the older children *struck on* and then *stuck with* an efficient solution from the start, they were able to sustain their efficiency (i.e., "If it ain't broke, don't fix it"). Furthermore, the older children's apparent flexibility in switching strategies from Phase 1 to Phase 2 might not reflect a switch but rather a continuation of the same strategy ("Pull the straw below the ball"). Without further controls, it is difficult to discern whether this is an insightful solution or a rigid response---sticking with the first reinforced pattern used---but we would argue the former given that the younger children also used this solution early on but did not stick with it.

The increased exploration in the younger children aligns with some of the ideas outlined in the *overlapping waves theory,* which states that children do not simply progress from ignorance to full comprehension across development but rather proceed through cognitive waves involving data collection, mapping, strengthening, and refinement when attempting to effectively solve problems (e.g., [@b0055]). However, although this exploration might be viewed favorably with respect to cognitive flexibility, it is actually counter to maximizing efficiency. In Phase 2, there were fewer possible action sequences that were efficient as compared with Phase 1, and so we might expect that children with a strong causal understanding of the task, and a desire to be efficient, would use fewer different action sequences in Phase 2 than in Phase 1. Indeed, this is what we saw with 4-year-olds. The 4-year-olds used fewer action sequences in Phase 2 (12) than in Phase 1 (22), whereas the 3-year-olds used a comparable number of action sequences in both phases (12 vs. 13). Although our a priori goal for this task was to remove the ball by removing as few straws as possible, we never explicitly shared this goal with the children. Therefore, for the younger children, rather than maximizing efficiency, play and exploration might have been stronger drives, which can be advantageous ([@b0105]). A drive to play might explain why the younger children used more action sequences in Phase 2, although this could also be explained by a reduced understanding of the task mechanics or could be related to young children's tendencies to be more exploratory when events are surprising ([@b0250]).

In addition to exploring ontogenetic changes in children's cognitive flexibility, we were also interested in comparing children's behavior in this task with that of chimpanzees and gorillas tested previously with the same task under comparable protocols. When first presented with the task, all children spontaneously retrieved the ball and 83.61% used the most efficient method with their first attempt. As noted above, the apes we tested previously were equally successful, with 84.62% of them using the most efficient method when first presented with the same task ([@b0140]). However, in spite of the seeming similarities across species, there were differences in the *way* in which the children and apes solved the task. For example, whereas the children used 12 different efficient action sequences collectively in Phase 1, the apes deployed 21. Furthermore, the children used fewer action sequences on average across the first 10 trials of Phase 1 as compared with the apes (see [Fig. S1 in the online supplementary material](#s0105){ref-type="sec"}). The increased exploration by the apes may be due to differences in experimental protocol (children completed all 10 trials within a single session, whereas apes completed trials over one or more sessions; see [@b0140], for details). However, it is notable that whereas the 2- and 3-year-old children never used more than 4 different action sequences each, the 4-year-old children used up to seven and eight different sequences each, revealing exploration rates more similar to that of the apes.

A greater percentage of the apes were flexible in adopting a more efficient response in the first trial of Phase 2 as compared with the children even when comparing apes with the oldest child age group. As discussed, within Phase 1 and across all three age groups, the children predominantly solved the task by repeatedly removing the straw directly below the ball (i.e., 4,3,2,1). This was also the predominant strategy used by the chimpanzees tested previously, but not by the gorillas, whose preferred strategy was to remove straws sequentially from the bottom up (i.e., 1,2,3,4) (cf. [Fig. 3](#f0015){ref-type="fig"} here with [Fig. 2](#f0010){ref-type="fig"} in [@b0140]). The strategy of consistently moving the straw that the ball rests on could potentially represent a simple association that was learned by the children rather than a holistic understanding of the task mechanism, but what explains these apparent species differences is not clear at this time. The observed species differences may be a result of methodological elements between this study and that of [@b0140]. Namely, we gave the children 10 trials in Phase 1 before changing the task configuration, whereas the apes received more than 20 trials spread over multiple sessions before the task was changed. The apes' increased experience with the task may have afforded them greater experience with the task, which may have allowed them to be more flexible or simply gave them more opportunities to explore alternative action sequences. Indeed, this might be why the apes' average run length was shorter than that of the children (average proportion of apes' first 10 trials that were runs = .21, *SD* = .13; cf. with [Fig. 4](#f0020){ref-type="fig"} here); however, unlike the children, the apes never performed a run of inefficient action sequences in their first 10 trials of Phase 1 (see Table 2 in [@b0140]). Future work is needed to tease apart the influences of experience, causal understanding, and conservatism on the apparent species differences we identified.

From our results, we propose that causal understanding of a task not only promotes problem solving but also reduces the likelihood of conservative perseveration (see also [@b0140]). However, humans are inherently social, and although we may sometimes solve problems by ourselves, we also often seek out information from others. In a landmark study, [@b0040] found that children were much less flexible when they were directly trained on how to use a certain object. Termed the "double-edged sword of pedagogy," children who observed someone interacting with the object were more likely to explore and learn its multiple functions, whereas those who were directly given instructions did not stray from the singular function they were taught. This effect has now been seen in a number of other contexts, such as children learning to flexibly solve new math problems ([@b0170]), and may explain children's proclivity for overimitation ([@b0180], [@b0200], [@b0270]). Thus, although direct social instruction can help children to quickly learn how to complete a task, it might also unnecessarily cause behavioral perseveration. Conversely, nonhuman primates appear to be less influenced by social norms as compared with children (e.g., [@b0110], [@b0125]; but see [@b0120]). Future research could explore the role of individuals' causal understanding and their reliance on social information on cognitive flexibility (e.g., [@b0050]) from both a comparative perspective and an ontogenetic perspective (e.g., [@b0125], [@b0205], [@b0255], [@b0290]).

Here, we found that although all three age groups of children were successful in solving the task, 4-year-olds were more efficient and more flexible in their approach to solving the task and responding to changing task demands than 2-year-olds. We previously tested apes on the same task and concluded that their ability to alter the solution strategy they used when we changed the task configuration was likely linked to their causal understanding of the task ([@b0140]). Unfortunately, procedural differences in testing protocols across species prevents us from making too many inferences about the apparent species differences we observed or what might drive these differences. However, we note that research using different tests of cognitive flexibility has also identified differences across human and nonhuman primates' responses to matched tasks (e.g., [@b0010], [@b0210], [@b0265]), although typically such research has tested adult humans, not young children as we did. Future work exploring the interplay among social information, causal understanding, and cognitive flexibility is needed.
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